New physics at the weak scale that can couple to quarks typically gives rise to unacceptably large flavor changing neutral currents. An attractive way to avoid this problem is to impose the principal of minimal flavor violation (MFV). Recently it was noted that in MFV only scalars with the same gauge quantum numbers as the standard model Higgs doublet or color octet scalars with the same weak quantum numbers as the Higgs doublet can couple to quarks. In this paper we compute the one-loop rate for production of a single color octet scalar through gluon fusion at the LHC, which can become greater than the tree level pair production rate for octet scalar masses around a TeV. We also calculate the precision electroweak constraint from Z →bb; this constraint on color octet mass and Yukawa coupling affects the allowed range for single octet scalar production through gluon fusion. *
I. INTRODUCTION
The standard model for strong, weak, and electrodynamics has been very successful. Nonetheless, most physicists expect that the next generation of very high energy accelerator experiments that are able to produce resonances with masses around the TeV scale will find physics beyond what is in the minimal standard model. There are two reasons for this. Firstly, the mechanism for weak symmetry breaking in the minimal standard model, a single scalar doublet, is the simplest but has no direct confirmation from experiment. Secondly, an awkward fine-tuning of parameters must be made, order by order in perturbation theory, to keep the physical mass of the Higgs scalar very light compared to the ultraviolet cutoff. This is called the hierarchy problem and is the motivation for most of the proposed extensions of the minimal standard model with new physics at the weak scale. Therefore it is of interest to study the properties of such scalars. Models with several color singlet, weak doublet scalars have been extensively studied. In [3] , certain decays of color octet scalars were studied in the context of Pati-Salam unification.
Here, we continue the phenomenological analysis of color octet scalars begun in [2] .
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The tree level pair production cross section for charged or neutral color octet scalars was computed in [2] . The precision electroweak variables S and T were also computed 1 and a number of FCNC processes were considered. Here, we calculate the one-loop production rate for a single neutral octet scalar through gluon fusion, gg → S 0 . We also derive the constraint on the strength of the coupling of color octet scalars to up-type quarks that arises from experimental data on R b . This constraint restricts the magnitude of the the gg → S 0 cross section.
II. THE MODEL
The standard model quark Yukawa couplings of the quarks to the Higgs doublet
where i and j are flavor indices, and gauge indices have been omitted. Repeated flavor indices are summed over. The Yukawa couplings generate the mass matrices
for the charge 2/3 and −1/3 quarks when the Higgs field gets a vacuum expectation 
In this paper we add to the minimal standard model a single weak doublet of color octet scalars S A . According to MFV, its Yukawa couplings to the quarks are,
where the matricesḡ U andḡ D also transform as
and are composed from g U and g D . So,
andḡ
Note that there is a term in the ellipses of Eq. (6) proportional to g
it does not give rise to flavor changing neutral current effects, so we neglect it. We will assume that the ǫ U,D are small and that terms with more powers of the Yukawa couplings are more suppressed and can be neglected. Diagonalizing the quark mass matrices we find, in the quark mass eigenstate basis, that the couplings of the octet scalars take the form, 
The term proportional to ǫ D 1 gives rise to a tree level contribution to flavor changing neutral current processes like BB mixing from S 0 exhange. However, the leading contribution to B → X S γ does not involve ǫ D 1 and experimental data on this process provides an important constraint on η D . The parameter η U is constrained from data on the precision electroweak variable R b ; this is discussed in the next section.
The most general renormalizable scalar potential is [2] ,
We have explicitly displayed the SU (2) The Higgs vacuum expectation value causes a tree level mass splitting between the octet scalars. It is convenient to decompose the neutral complex octet scalars into two real scalars,
Then the tree level mass spectrum is [2] ,
In this paper we focus on color octet scalars with masses greater than 500 GeV.
The mass splittings are expected to be small compared with this and so we neglect the mass splittings between the various color octet scalar states for the remainder of this paper. Color octet scalars with masses between 500GeV and 1TeV can have a dramatic impact on the rate for Higgs production at the LHC [2, 4] .
III. PRECISION ELECTROWEAK CONSTRAINTS
In [2] the values of the oblique parameters S and T that arise in this model were computed. These corrections to the standard model are expressed in terms of parameters in the scalar potential (including the color octet scalar masses). The contribution to the effective Hamiltonian for b → sγ proportional to η U η D was also considered. Here we complete the analysis of precision electroweak physics in this theory by computing R b , the ratio of the Z width to final hadronic states containing a b andb quark to the total hadronic width. We write the coupling of the Z boson to quarks q as, where P L,R are the projectors P L = (1 − γ 5 )/2 and P R = (1 + γ 5 )/2. We use a supercript "0" to denote the tree level standard model value of the coupling,
We take the value of sin 2 θ W from the measured vector and axial vector lepton couplings at the Z pole; then corrections to Z vacuum polarization effects from the octet scalars are absorbed into it.
The down Yukawa coupling parameter, η D , is constrained by the B → X s γ partial width to be significantly less than m t /m b when η U ∼ 1 and m S 5TeV. Therefore, we neglect the down Yukawa coupling to the b quark, as well as neglecting quark masses other than the top. Then the octet scalars give a one-loop correction to the left-handed bottom coupling from the vertex diagrams and bottom quark wave function renormalization diagrams pictured in Fig. 1 . Writing,
it is conventient to decompose the correction to the left-handed bottom quark cou-8 pling as,
We find that,
and
Here m S is the mass of the charged octet scalars. Note that in the limit m S >> m t >> M Z ,
We compute δR b using the formula,
where δf L,b comes from the vertex and b quark field renormalization diagrams in Noting that the right-hand side of Eq. (16) is positive, the following one sigma bound,
on the contribution of the octet scalars to δf L b follows from comparing the experimental value and the standard model prediction for R b .
In Fig. 2 we plot the one and two sigma curves that bound the excluded |η U |-m S parameter space. For example, if m S = 1TeV, then |η U | must be less than 0.8 to agree with experiment to within 1σ, or less than 1.8 to agree to within 2σ.
IV. THE CROSS SECTION FOR SINGLE COLOR OCTET SCALAR PRODUCTION VIA GLUON FUSION
There are two neutral color octet scalars in the model we are considering. They are the scalar and pseudoscalar states destroyed by the real and imaginary parts of the field S 0A . The one loop gluon fusion rate [6] for producing these states singly is related to their two gluon decay rates by the standard formula,
where ξ = 1/16 is a spin-color factor that takes into account the interchange of summed-over and averaged-over states in the production cross section and decay rate.
We begin by discussing the color octet scalar state's production. To simplify the analysis we assume that CP nonconservation is small and take η U , λ 4,5 to be real.
Neglecting the mass differences between the various charged and neutral color octet scalar states we find that
In Eq. (25), I(z) is the familiar factor from standard model Higgs decay. Assuming z < 1/4 it is given by,
The factors C j in Eq. (25) are the color factors,
2 See, for example, [7] . 3 The unique symmetric invariant, d ABC , of SU (n) for n ≥ 3 is given by
where T A are the fundamental representation matrices. Recall that the structure constants,
Diagrams contributing to S 0 R production via gluon fusion. For real λ 4,5 , only the top loop contributes to S 0 I production.
The last two terms in (25), which come from the octet scalar loops, are much smaller 4 than the top loop contribution. (See Fig. 3 .) This is partly due to the factor of (π 2 /9 − 1). For the pseudoscalar we find,
where f (z) is as in (26). The pseudoscalar rate is due solely to a top loop and is related to that of a heavy color singlet by a simple multiplicative factor.
Allowing CP violation mixes the scalar and pseudoscalar states. For example, the induced ggS 0 R coupling acquires an axial contribution (and the ggS 0 I coupling a non-axial contribution) proportional to Im(η U ). Also, the S 0 I decay rate picks up a neutral scalar loop contribution proportional to Im(λ 4 + λ 5 ).
In Fig. 4 we plot the cross section for single S 0 R and S 0 I production, and real neutral scalar pair production as a function of m S , using the above results and the pair production result from [2] . For this plot the λ 4,5 terms are neglected and η U is set equal to unity. We expect that, just like in standard model Higgs production, the higher order QCD corrections are significant [9] , [10] , [11] . At a TeV, the single production rates begin to dominate over pair production.
In Fig. 5 we plot the one-loop single production cross sections for S with an additional color octet scalar were studied in [2] . Here we extended this work, calculating the constraint on the strength of the Higgs coupling to up-type quarks that arises from precision electroweak data on R b . We also computed the rate for single octet scalar production through gluon fusion. For color octet scalars with masses greater than 1 TeV this one-loop process can dominate over tree level pair production at √ s = 14 TeV because the gluon parton distribution function increases rapidly as the momentum fraction decreases.
